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Abstract 
Excessive drinking to intoxication is the major behavioral characteristic of those addicted 
to alcohol but it is not the only one. Indeed, those addicted to alcohol also crave alcoholic 
beverages and spend time and put much effort into compulsively seeking alcohol, before 
eventually drinking large amounts. Unlike this excessive drinking, for which treatments exist, 
compulsive alcohol seeking is therefore another key feature of the persistence of alcohol 
addiction since it leads to relapse and for which there are few effective treatments. Here we 
provide novel evidence for the existence in rats of an individual vulnerability to switch from 
controlled to compulsive, punishment-resistant alcohol seeking. Alcohol preferring rats given 
access to alcohol under an intermittent 2-bottle choice procedure to establish their alcohol-
preferring phenotype, were subsequently trained instrumentally to seek and take alcohol on 
a chained schedule of reinforcement. When stable seeking-taking performance had been 
established, completion of cycles of seeking responses resulted unpredictably either in 
punishment (0.45mA foot-shock) or the opportunity to make a taking response for access to 
alcohol. Compulsive alcohol seeking, maintained in the face of the risk of punishment, 
emerged in only a subset of rats with a predisposition to prefer and drink alcohol, and was 
maintained for almost a year. We show further that a selective and potent µ-opioid receptor 
antagonist (GSK1521498) reduced both alcohol seeking and alcohol intake in compulsive 
and non-compulsive rats, indicating its therapeutic potential to promote abstinence and 
prevent relapse in individuals addicted to alcohol. 
 
Introduction 
Alcohol addiction is characterised both by the inability to control drinking and the 
emergence of alcohol seeking habits, which can be characterised as compulsive because 
the behavior persists despite adverse consequences (American Psychiatric Association, 
2013; Corbit et al, 2012; Everitt and Robbins, 2015; Koob and Volkow, 2010; McKim et al, 
2016). While the few treatments currently available all aim to reduce alcohol intake, none 
have been designed to reduce the compulsive seeking of alcohol that leads to drinking at 
relapse. In order to identify new effective therapeutic strategies, a better understanding of 
the psychological mechanisms that maintain alcohol seeking behavior in the face of adverse 
consequences would have great utility. These have hitherto been underexplored compared 
to the focus on drinking and associated intoxication.  
If the next generation of treatments for alcohol addiction are to be more effective than 
those currently available, a paradigm shift may be necessary in order to target also the 
psychological and neurochemical mechanisms underlying compulsive alcohol seeking that 
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leads to relapse in vulnerable individuals (Spanagel, 2000), rather than targeting reductions 
in the amount of alcohol consumed when individuals already have relapsed, important 
though that is. This warrants the operationalisation of compulsive alcohol seeking, as 
opposed to drinking, in translational animal models.  
Many current procedures focus on measuring excessive, or inflexible alcohol drinking 
(reviewed in depth by Carnicella et al, 2014; Hopf and Lesscher, 2014), measured as the 
persistence of intake despite overt pairing with aversive consequences, including the 
punishment of instrumental responding under low fixed ratio schedules of reinforcement 
(Seif et al, 2013) or adulteration of the taste of alcohol (Marchant et al, 2013; Turyabahika-
Thyen and Wolffgramm, 2006; Vengeliene et al, 2009; Wolffgramm, 1991), but they do not 
directly address the compulsive nature of alcohol seeking, which occurs prior to drinking and 
is mechanistically dissociable from the acute intoxicating effects of the drug. Therefore, 
based on our previous work in which we specifically investigated compulsive cocaine 
seeking behavior, demonstrating the utility of spatially and temporally separating seeking 
from taking instrumental responses (Pelloux et al, 2007), we have here developed a novel 
behavioral approach in rats to investigate the individual vulnerability to switch from controlled 
to compulsive alcohol seeking behavior. The interaction between the degree of exposure to 
drugs and vulnerability in exposed individuals has been shown to be critical in the 
development of drug addiction (Cooper et al, 2007; Deroche-Gamonet et al, 2004; Pelloux et 
al, 2007). The behavioral procedure we have developed will allow investigation of the neural 
basis of compulsive alcohol seeking while also offering a new, readily accessible tool, with 
high predictive value, for drug discovery.  
People addicted to alcohol may persist for months, or even years, in compulsively 
seeking alcohol and remain vulnerable to relapse after even long periods of abstinence. 
Some treatments in clinical use, such as nalmefene or naltrexone, target µ-opiate receptors 
and reduce volumes of alcohol drunk thereby reducing harm, or relapse rates in some 
individuals addicted to alcohol, respectively (Vendruscolo et al, 2012; Vengeliene et al, 2009, 
2014). However, while clinically significant these treatments are not optimal (Franck and 
Jayaram-Lindström, 2013; Hendershot et al, 2016; Rösner et al, 2010). Opioid receptor-
mediated mechanisms have been shown to reduce alcohol drinking, craving for alcohol and 
established CS-controlled alcohol seeking (Vengeliene et al, 2008); moreover µ-opioid 
receptors in the prefrontal context have been implicated in compulsive eating (Blasio et al, 
2014). We have therefore investigated µ-opioid mechanisms in compulsive alcohol seeking 
in our newly established procedure using the most selective and well-characterised, in vitro 
and in vivo (Giuliano et al, 2012, 2013; Ignar et al, 2011; Kelly et al, 2015; Ripley et al, 2015; 
Ziauddeen et al, 2013, 2016), µ-opioid receptor antagonist GSK1521498. We have shown 
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previously that this compound is more effective than naltrexone in reducing cue-controlled 
alcohol seeking and also alcohol drinking (Giuliano et al, 2015). These earlier data taken 
together with the present results provide substantial evidence for the potential efficacy of this 
full µ-opioid receptor antagonist in the clinical treatment for alcohol addiction, since it is able 
to reduce compulsive alcohol seeking, drinking and the propensity to relapse induced by 
alcohol cue exposure. 
 
Materials and Methods 
Animals 
Male alcohol-preferring (P) rats (~30 days old, n=61) were obtained from Indiana 
University Medical Center (Indiana, USA). See SOM. Experiments were conducted in 
accordance with the UK (1986) Animal (Scientific Procedures) Act (Project license 80/2234) 
and the GSK Policy on the Care, Welfare and Treatment of Laboratory Animals. 
Apparatus 
See SOM. 
Assessment of the drinking phenotype in P rats: Two-bottle choice 
procedure 
See SOM. 
Procedures 
The full series of experiments conducted is schematically summarised in Figure 1. 
Experiment 1: Establishment of compulsive alcohol seeking behavior 
 (i) Compulsive alcohol seeking 
The training consisted of the following 5 phases (see Figure 1A). 
i. Pavlovian conditioning: See SOM.  
ii. Taking phase: Each cycle began with the insertion of the randomly assigned taking 
lever. Rats were trained to press the taking lever under a fixed-ratio 1 schedule of 
reinforcement (FR1), which resulted in 5 sec CS illumination, extinction of the house light 
and delivery of 0.1 mL 15% EtOH. Rats were limited to a maximum of 45 rewards/2h-
session.  
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iii. Seeking-taking phase: Each cycle in the seeking-taking chained schedule of 
reinforcement began with insertion of the seeking lever (opposite the taking lever that was 
retracted). Seeking lever presses under a random interval (RI) schedule were never 
directly reinforced, but instead resulted in the extension of the taking lever and the 
simultaneous retraction of the seeking-lever. Taking lever responses under FR1 resulted 
in the illumination of the stimulus light above the taking lever for 5 sec, delivery of 0.1 mL 
of 15% EtOH and a time-out (TO) of 2 min, in which both levers were retracted. Rats 
were initially trained to press the seeking lever progressively under RI5-15-30-60 sec, 
with increments occurring after 2 consecutive sessions under each RI schedule. 
iv. Alcohol exposure: Once performance on the seeking-taking chained schedule had 
stabilised (less than 10% between-session variability), rats were divided into two sub-
groups in order to measure the influence of alcohol intake, under two different conditions, 
on subsequent behavioral performance: (i) Group 1 (n=47) underwent 8 sessions with 
only the taking lever available such that each taking lever response resulted in a delivery 
of 0.2 mL of 15% EtOH. No limit was imposed on the number of reinforcements per 
2h/session (Instrumental Exposure); (ii) Group 2 (n=14) underwent 8 sessions with 4h 
access to the 15% EtOH bottle in the home-cage. Alcohol intake (g/kg) was assessed for 
4h (One-bottle Exposure). Eight additional seeking-taking chained schedule sessions 
under RI60 were interspersed between either differential alcohol exposure sessions.  
v. Seeking-taking-punishment phase: Each cycle began exactly as described for the 
seeking-taking phase. However, during each punishment session mild foot shocks were 
randomly administered on completion of 30% of the cycles: the entire session consisted 
of 25 cycles, 17 reinforced by delivery of 0.1 mL of 15% EtOH following a taking lever 
response, whereas 8 were randomly punished by a 0.25-0.45 mA, 0.5 sec foot shock. 
The taking lever was never presented if a seeking cycle resulted in punishment. Although 
the cycles were randomly punished during a session, the first cycle of the session was 
always reinforced and no more than 2 consecutive seeking cycles were punished. The 
intensity of the shock was progressively increased over daily sessions from 0.25, to 0.30, 
0.35, 0.40 mA, before stabilizing at 0.45 mA for 6 consecutive daily sessions. Ten months 
later, after completing several pharmacological and psychological manipulations (see 
Experiments Figure 1), the same rats received an additional 6 sessions under the 
seeking-taking-0.45 mA punishment schedule in order to investigate the stability of the 
compulsive alcohol seeking behavior phenotype over a protracted time period. 
(ii) Fear conditioning: The rats tested for compulsive alcohol seeking were later tested 
for their sensitivity to shock using a fear conditioning procedure (Merlo et al, 2014). See 
SOM. 
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Experiment 2: Influence of systemic GSK1521498 administration on 
established compulsive seeking behavior and psychological 
mechanisms governing established compulsive alcohol seeking 
behavior 
Experimental tests 1. Forty-eight h after the last seeking-taking-punishment session, 
rats received intraperitoneal injections of GSK1521498 1 mg/kg or vehicle, 30 min before a 
15-min extinction session (alcohol was not available) of the seeking lever only. On 
completion of the counterbalanced design, rats were challenged on the taking lever only, 
under an exponential progressive ratio schedule of reinforcement (PR). See SOM. The 
maximal number of responses that a rat performed to obtain 0.1 mL of 15% EtOH (the last 
ratio completed) was referred to as the break point, which provided a second measure of the 
motivation for alcohol.  
Rats were then re-baselined under the seeking-taking (RI60-FR1) task and tested again 
being injected with GSK1521498 0-1 mg/kg and under PR on the taking lever only under the 
same conditions described above, see Figure 1B. 
Experimental tests 2. After extinguishing the taking lever responding, cue-induced 
reinstatement of instrumental responding on the taking lever was assessed in a 15-min test. 
During this test only the taking lever was present and each lever press resulted in a 20 sec-
CS presentation only (no EtOH was delivered). Rats were then re-baselined under the 
seeking-taking (RI60-FR1) task. After extinguishing both the seeking and the taking lever 
responding, cue-induced reinstatement of both seeking and taking responses was assessed 
in a 15-min test. The session consisted of the seeking-taking (RI60-FR1) procedure as 
described before except for the absence of the alcohol delivery upon the taking lever press 
(only CS presentation, no EtOH delivery), see Figure 1C. 
Drugs 
See SOM. 
Data and statistical analysis 
Data are presented as means ± SEM. Upon verification that assumptions concerning 
distribution and homogeneity of variance were not violated, data were subjected to repeated 
measures ANOVA with time or dose as within-subject factors and alcohol exposure condition 
and compulsivity as between-subject factors. Two-tailed values of p ≤ .05 were considered 
statistically significant. Significant main effects and interactions were analysed further using 
the Sidak’s post-hoc test where appropriate (SPSS 21, IBM, USA). Compulsive, intermediate 
and non-compulsive animals were identified using a two-step K-mean cluster analysis of the 
number of completed seeking-taking cycles during the last three days of the seeking-taking-
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punishment schedule (foot-shock intensity 0.45mA; three data points per rat were 
considered). Cluster analysis has been shown to be a convenient and commonly used 
method for identifying objectively homogenous groups of objects within a data set (Tye et al, 
2010; Murray et al, 2015; Engeln et al, 2016). Thus, the hypothesis-driven k-means 
clustering with maximisation of distance between groups defined a priori as 3 was performed 
on a unique dimension (compulsivity) but in a three-dimensional space (repeated measures). 
See SOM.  
Spearman’s rho correlational analyses were used to identify dimensional relationships 
between non-normally distributed populations pertaining to compulsivity (measured as the 
number of completed seeking-taking cycles under intermittent punishment) and: (i) 
motivation for alcohol (expressed by the breakpoints under progressive ratio schedule); (ii) 
seeking responses after extinguishing seeking-taking behavior; (iii) taking responses after 
extinguishing seeking-taking behavior; (iv) taking responses after extinguishing only taking 
behavior; and (v) GSK1521498 efficacy (measured as reduction of alcohol seeking) in C, I 
and NC rats were also computed. See SOM. 
 
Results 
Characterisation of compulsive alcohol seeking behavior 
Since alcohol is a relatively weak reinforcer in most strains of rats (Spanagel and Hölter, 
1999; Wolffgramm, 1991), we focused our attempt to establish a model of compulsive 
alcohol seeking on P rats, since they readily drink alcohol in excess of 5 g of alcohol/kg body 
weight/day and spontaneously prefer alcohol over water (McBride et al, 2014). They also 
display a marked propensity to seek instrumentally the opportunity to drink alcohol under the 
control of alcohol-associated conditioned stimuli (CSs), reaching blood alcohol 
concentrations of up to 80 mg/dL during 20 minutes of earned access (Giuliano et al, 2015). 
Having established their alcohol preferring phenotype in an intermittent 2-bottle 
(alcohol/water) choice procedure, P rats were trained under a seeking-taking chained 
schedule (Belin-Rauscent et al, 2016; Chen et al, 2013; Pelloux et al, 2007) (Figure 1-S1). 
Responding on one lever (seeking lever) under a random interval (RI) 60 sec schedule gave 
access to the opportunity to press a second lever (taking lever), responding on which under 
a fixed ratio (FR) 1 schedule resulted in delivery of 0.1 mL 15% ethanol (EtOH). P rats 
readily acquired, and maintained, high levels of alcohol seeking responses that were 
spatially and temporally independent of both alcohol taking responses and the opportunity to 
drink (Figure S2). Upon introduction of unpredictable punishment of seeking responses 
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(footshock intensity increasing from 0.25 to 0.45 mA over repeated sessions), approximately 
one-third of rats progressively decreased their alcohol seeking. By contrast, a subpopulation 
of rats maintained their seeking response despite punishment, thereby displaying 
compulsive alcohol seeking behavior (Figure 2A-2B). A cluster analysis (Tye et al, 2010; 
Murray et al, 2015; Engeln et al, 2016) performed on the completed seeking-taking cycles 
during the last 3 sessions of punishment (Figure S3) confirmed the existence of three 
subgroups of rats: 34% of the population displayed compulsive alcohol seeking (compulsive, 
C, rats, n = 21), whereas, unexpectedly, a 30% sub-population greatly suppressed their 
seeking responses (non-compulsive, NC, rats, n = 18); 36% of the population (intermediate, 
I, rats, n = 22) between C and NC rats partially suppressed seeking when intermittently 
punished [main effect of compulsivity: F2,55 = 84.55, p < .001, η2 = .75 and time x 
compulsivity interaction: F18,495 = 16.75, p < .001, η2 = .38]. These data demonstrate that the 
propensity to drink alcohol is clearly not sufficient to predict the transition to compulsive 
alcohol seeking behavior (see SOM).  
In people addicted to alcohol, the compulsive nature of alcohol seeking persists for 
months or even years, leading to relapse after even long periods of abstinence. Therefore, 
we investigated whether the compulsive alcohol-seeking phenotype in the vulnerable sub-
population of P rats also persisted in the long term. We found that 10 months after initial 
characterization, the qualitative and quantitative nature of the compulsive behavior of these 
rats remained unchanged from its initial characterisation [time: F1,32 < 1; shock session: 
F2,64< 1; time x shock sessions: F2,64 = 2.28, ns] (Figure 2C). This was not attributable to any 
difference in the aversiveness of the foot-shock, since all rats groups displayed the same 
conditioned fear response (Merlo et al, 2014) (in addition to same appetitive conditioning, as 
demonstrated by Peña-Oliver et al, 2015) to a stimulus previously paired with shock of the 
same intensity as that used during the seeking-taking-shock task [conditioning: pre-CS vs 
CS1 and CS2: F2,44 = 38.47, p < .001, η2 = .64; compulsivity: F2,22 < 1; alcohol exposure: F1,22 
< 1, conditioning x compulsivity: F4,22 < 1; conditioning x alcohol exposure: F2,22 < 1] (Figure 
2D-2E).  
Psychological mechanisms underlying established compulsive alcohol 
seeking behavior 
We tested the potential contribution of motivational factors for alcohol of compulsive, 
intermediate and non-compulsive rats by measuring their performance on the lever 
associated with alcohol delivery (i.e. taking lever) under a progressive ratio (PR) schedule of 
reinforcement (Richardson and Roberts, 1996), under two conditions: (i) in animals with a 
recent history of punishment (post-shock condition), thereby expressing their compulsive or 
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non-compulsive phenotype; (ii) in animals re-trained under the seeking-taking task (post-
baseline condition) so that performance under the PR was not influenced by punishment 
(Figure 3). Compulsive rats showed a higher motivation for alcohol than non-compulsive 
rats both prior to and after being exposed to punishment [compulsivity: F2,41 = 5.13, p = .01, 
η2 = .20; shock condition: F1,41< 1], thereby suggesting that repeated exposure to 
punishment did not diminish the increased motivation for alcohol of compulsive rats. 
Although compulsive rats showed the same degree of preference for alcohol over water as 
non-compulsive rats under the 2-bottle choice procedure, only rats that showed compulsive 
alcohol seeking behavior also showed a higher motivation for alcohol, thereby suggesting 
that this differential motivation for alcohol is dissociable from the propensity to drink alcohol. 
Yet, it was influenced by the alcohol exposure history as animals exposed to alcohol in their 
home-cages, after acquiring the seeking-taking task, had a general higher baseline 
compared to animals exposed to alcohol during their instrumental training [alcohol exposure: 
F1,41 = 11.63, p < .01, η2 = .22 and compulsivity x shock condition x alcohol exposure: F2,41 = 
4.29, p < .05, η2 = .17; Sidak’s post-hoc: NC vs C, p < .05] (Figure 3A-3B). 
One of the main consequences of developing compulsive alcohol seeking and drinking is 
a greater propensity to relapse during abstinence. Therefore, we further investigated the 
predictive validity of the model by measuring the propensity for alcohol-associated stimuli to 
trigger the reinstatement of both alcohol taking and alcohol seeking in compulsive, 
intermediate and non-compulsive rats after extinction. We measured the propensity to 
relapse after: (i) selective extinction of the taking response (Figure 3C); (ii) extinction of the 
complete seeking-taking chain of responses (Figure 3E-3G). In both cases, no alcohol or 
alcohol-associated CSs could be earned during the extinction phase, either by making taking 
responses or by completing seeking-taking cycles. In the first condition, while all rats 
eventually extinguished their instrumental responses on the taking lever [time: F15,450 = 
46.93, p < .001, η2 = .61], compulsive rats displayed persistence of responding as compared 
to the other groups [time x compulsivity: F30,450 = 2.84, p < .01, η2 = .16] (Figure 3C). 
Interestingly, in the second condition all rats progressively reduced their alcohol seeking 
responses [time: F14,420 = 29.46, p < .001, η2 = .50] although the compulsive rats maintained 
higher response rates compared with the non-compulsive [compulsivity: F2,30 = 4.54, p < .05, 
η2 = .23 and time x compulsivity: F28,420 = 1.80, ns] (Figure 3E), but they did not differ in their 
extinction of responding on the taking lever [time: F14,420 = 49.16, p < .001, η2 = .62, 
compulsivity: F2,30 = 1.26, ns and time x compulsivity: F28,420 = 1.16, ns] (Figure 3G). 
Reinstatement, a measure of relapse behavior, was assessed by reintroducing the alcohol-
associated CS contingent on taking responses. Whereas all rats reinstated taking responses 
to similar levels (Figure 3D-3H), intermediate and compulsive rats reinstated their seeking 
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responses more than non-compulsive rats, thus indicating that only the relapse to seeking 
behavior is related to prior compulsivity (as detected by specifically analysing the seeking 
responses during the first 15 min of the last extinction session and the reinstatement session 
[reinstatement x compulsivity: F2,30 = 4.91, p < .05, η2 = .25]) (Figure 3F).  
Systemic administration of GSK1521498 decreases alcohol seeking in 
rats identified as compulsive 
We investigated the effect of systemic treatment with the µ-opioid receptor antagonist  
GSK1521498 (1 mg/kg, intraperitoneally) on alcohol seeking behavior under two conditions: 
(i) immediately following punishment sessions, thereby testing animals while they expressed 
the compulsive nature of their seeking behavior (post-shock condition) or (ii) after training 
under baseline seeking-taking sessions, thereby testing animals actively seeking and 
consuming alcohol (post-baseline condition) (Figure 4). The tests consisted of a 15-min 
session in which only the seeking-lever was extended. GSK1521498 dramatically decreased 
alcohol seeking behavior under both conditions [treatment: F1,41 = 48.81, p < .001, η2 = .54] 
despite a lower level of responding following punishment as compared with baseline 
conditions [shock condition: F1,41 = 39.96, p < .001, η2 = .49]. The effect of GSK1521498 on 
alcohol seeking behavior was dependent upon compulsivity [compulsivity: F2,41 = 10.17, p < 
.001, η2 = .33, treatment x compulsivity: F2,41 = 6.30, p < .01, η2 = .23], in that it was more 
pronounced in compulsive than non-compulsive rats.  
 
Discussion 
Compulsivity develops in only a subset of vulnerable alcohol-preferring 
P-rats  
Taken together, the data reported here demonstrate that only a subset of vulnerable 
individuals develop compulsive alcohol seeking in a novel model with heuristic value and 
predictive validity that measures the persistence of this behavior in the face of adverse 
outcomes. In contrast to ‘pharmacological-, or intoxication-centred’ views of alcohol addiction 
(Koob, 2003; Koob et al, 1994), which suggest that the genetic determinants (whatever they 
may be in P rats, this is not the focus of the present study) of the individual propensity 
frequently to drink alcohol at levels high enough to result in intoxication may underlie alcohol 
addiction, the present study indicates that they are not necessary for the development of 
compulsive alcohol seeking. Our data show that a propensity to drink and spontaneously 
prefer alcohol is dissociable from the propensity compulsively to seek it, as well as that the 
transition to compulsivity in vulnerable rats was not predicted by their overall alcohol 
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exposure prior to being exposed to punishment. Such a dissociation between the factors that 
predict an increased propensity to use, or self-administer drugs and those that instead 
predict the transition to compulsive drug seeking is not unprecedented. Previous studies 
demonstrated in alcohol-preferring (P) rat lines that high alcohol intake does not necessarily 
lead to, or predict, the development of high levels of alcohol seeking behavior (Giuliano et al, 
2015) or compulsive drinking (Vengeliene et al, 2009). This dissociation is also seen in 
experimental studies of cocaine addiction, whereby the propensity to self-administer 
stimulants by rats displaying a high response to novelty (HR) does not predict the 
vulnerability to develop compulsive cocaine seeking, which is instead predicted by high trait 
impulsivity (Belin et al, 2008). Indeed, HR rats are in fact resilient to the development of 
compulsive cocaine seeking (Belin et al, 2011). This suggests that the individual vulnerability 
to seek alcohol compulsively in rats with a high propensity to drink may depend upon 
environmental and epigenetic mechanisms (Russo et al, 2012), as also reported for cocaine 
(Vassoler et al, 2013), rather than on genetic polymorphism (Tabakoff et al, 2009). However, 
protracted alcohol exposure may facilitate a gradual transition in compulsivity-predisposed 
subjects, as demonstrated by the transition to punishment-resistant seeking after 10 months 
of alcohol exposure in some animals that had previously shown an intermediate phenotype. 
This vulnerability is also heterogeneous and, for some animals of the intermediate 
phenotype, more protracted exposure to alcohol was necessary to facilitate the transition to 
compulsivity. Thus, as revealed in the cue-induced reinstatement test which was conducted 
prior to the introduction of intermittent seeking punishment for the second time, a 
progression to compulsivity had occurred in a number of rats with the intermediate 
phenotype at some point during the 10-month period of alcohol exposure that followed the 
initial identification of inter-individual differences in the persistence of alcohol seeking despite 
punishment.  
The persistence of responding in the face of punishment cannot be attributed to an 
anxiolytic effect of alcohol exposure in compulsive rats that, in maintaining high levels of 
seeking responding, gain more access to alcohol than non-compulsive rats (Barkley-
Levenson and Crabbe, 2015). Thus, not only did rats receive only small intermittent volumes 
(0.1 mL/reward) of alcohol on completion of each cycle of seeking and taking responses, but 
they all received a first rewarded cycle in each session in which punishment was then 
introduced probabilistically. Additionally, each rewarded and punished cycle is followed by a 
2-min time-out, intended to minimise the short-term alcohol ingestion effects, and the carry-
over effects of the physical properties of shock presentation, respectively. 
Compulsive individuals may be more prone to relapse 
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Compulsive and some intermediate individuals (whose compulsive phenotype only 
emerged after a much longer exposure to alcohol than their more vulnerable counterparts, 
thereby revealing some inter-individual differences in vulnerability to switch to compulsive 
alcohol seeking, as discussed above) were also more prone to relapse. In particular, 
compulsive alcohol seeking was shown to predict an increased propensity to reinstate 
seeking (see also Table 1 for correlation between compulsivity and relapse to seeking 
behavior), but not taking, responses following extinction, providing our model with further 
predictive validity. These data demonstrate that the compulsive nature of alcohol seeking 
predicts and translates into higher rates of relapse to alcohol seeking (but not taking) in 
compulsive rats, operationalized in the reinstatement procedure (Lê and Shaham, 2002), 
that is strongly influenced by alcohol-associated CSs, which are known to elicit craving and 
relapse in alcohol-dependent individuals (Epstein et al, 2006; Knight et al, 2016; Mayo and 
de Wit, 2016; O’Brien et al, 1992). Moreover identifying seeking responses as a key 
psychological component of compulsivity, is in agreement with the evidence that seeking 
and taking (i.e. preparatory and consummatory) responses, although clearly interrelated, are 
psychologically and neurally dissociable (Zapata et al, 2010).  
Mu-opioid receptor-mediated mechanisms regulate compulsive alcohol 
seeking behavior  
Alcohol seeking responses were greatly decreased, especially in compulsive rats, by 
systemic administration of the selective µ-opioid receptor antagonist GSK1521498 (see 
Table 1 for correlation between compulsivity and GSK1521498 reduction of seeking 
behavior). This was in addition to its effect of reducing both alcohol drinking and cue-
controlled alcohol seeking reported in our earlier studies (Giuliano et al, 2015). Opioidergic 
mechanisms are thus involved in incentive motivational (anticipatory) responses for alcohol 
and the response-reinstating actions of ethanol-associated stimuli (Monti et al, 1999; Weiss 
et al, 2001), as well as the seeking of highly palatable food, cocaine and heroin (Czachowski 
and Delory, 2009; Giuliano et al, 2012, 2013, 2015; Ziauddeen et al, 2013). Opiate receptor 
antagonists inhibit the self-administration and intake of ethanol in a variety of animal models, 
suggesting that opioid pathways in the brain play a significant role in mediating the 
reinforcing properties of alcohol (Vengeliene et al, 2008), a view consistent with the clinical 
impact of approved medications for alcohol addiction, such as nalmefene and naltrexone 
which both reduce volumes of alcohol drunk. However, while reducing alcohol intake at initial 
relapse is of great value clinically, the marked propensity compulsively to seek drugs 
remains a major obstacle to attaining abstinence.  
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Here we present and validate a new behavioral procedure in rats that can be deployed to 
investigate the vulnerability to develop compulsive alcohol seeking, further showing that the 
novel selective µ-opioid receptor antagonist GSK1521498 significantly reduces alcohol 
seeking in both compulsive and non-compulsive individuals. The accumulated data suggest 
that GSK1521498 may be a more generally effective µ-opioid antagonist treatment across a 
broad spectrum of individuals addicted to alcohol, since it has the effect to decrease not only 
compulsive seeking behavior, but also the impact of alcohol cues and alcohol drinking that 
lead to relapse in otherwise abstinent individuals. Moreover, our findings are consonant with 
experimental medicine studies that have shown GSK1521498 to be well tolerated in humans 
and able to reduce self-reported responses to alcohol (Ziauddeen et al, 2016), indicating its 
significant translational potential as a potential treatment for alcoholism. Appropriately 
designed clinical trials of this putative treatment would be both indicated and timely. 
The behavioral data in animals presented here recapitulate several psychological and 
behavioral aspects of human alcohol addiction that have not previously been operationalized 
in prior animal experimental procedures. Moreover, the alcohol seeking-taking-punishment 
task can detect significant activity of a putative pharmacological treatment for alcohol 
addiction. The behavioral task we have developed will, we hope, greatly facilitate the 
experimental investigation of the cellular, molecular and neural circuit basis of alcohol 
addiction in a way that is directly relevant to the clinical disorder and its treatment.   
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Tables Legends 
Table 1: Summary of correlations between compulsivity, motivation for 
alcohol, cue-induced reinstatement and GSK1521498 efficacy. 
Spearman’s rho correlations between compulsivity (measured as the number of 
completed seeking-taking cycles), motivation for alcohol (expressed by the breakpoints 
under progressive ratio schedule), seeking responses after extinguishing seeking-taking 
behavior (Chain-Ext/Reinst-Seeking), taking responses after extinguishing seeking-taking 
behavior (Chain-Ext/Reinst-Taking), taking responses after extinguishing only taking 
behavior (Taking-Ext/Reinst-Taking) and GSK1521498 efficacy (measured as reduction of 
alcohol seeking) in C, I and NC rats.  
* .3 < | r | < .5 medium/ moderate correlation. ** | r | > .5 large/ strong correlation. 
 
Figure Legends 
Figure 1: Timeline of the experiments carried out on the same cohort of 
alcohol-preferring rats. 
Experiment 1 was designed to establish a procedure to measure compulsive alcohol 
seeking behavior.  
(A) After a week of habituation to the animal facility and being pre-exposed to the 
intermittent 2-bottle choice procedure for 12 sessions, P rats were trained to seek and take 
alcohol on a chained schedule of reinforcement. After being additionally exposed to alcohol 
access, either in the operant chamber under a fixed ratio 1 schedule (‘Instrumental 
Exposure’), or in the home-cage (‘One-bottle Exposure’), they were then trained under the 
seeking taking chained schedule. After performance was stable, some seeking cycles 
randomly resulted in unpredictable mild foot-shock punishment, rather than insertion of the 
taking lever. At this stage rats were assigned to ‘compulsivity-subgroups’. Rats then 
underwent two sets of experimental tests before being re-exposed (10 months after the last 
shock exposure) to the seeking-taking-punishment schedule. At the completion of the 
experiments, rats underwent fear conditioning to verify their sensitivity to shock in a 
Pavlovian conditioned fear procedure. 
(B) Once the compulsive nature of alcohol seeking was established according to the 
persistence of responding during punishment sessions, the effect of GSK1521498 (1 mg/kg, 
intraperitoneally) was measured on rats challenged under extinction of the seeking lever. 
Their motivation for alcohol was then tested under an exponential progressive ratio schedule 
on the taking lever only. After being re-baselined under the seeking-taking task (without 
shock exposure), the effect of GSK1521498 under extinction, and the motivation for alcohol, 
were tested again in order to measure the influence of the expression of compulsivity on the 
effect of GSK1521498 on alcohol seeking and the motivation of alcohol. 
(C) Rats were re-baselined under the seeking-taking task and underwent sessions of 
extinction of the taking lever followed by a session of cue-induced reinstatement of 
responding on the taking lever. After being re-baselined under the seeking-taking task, rats 
underwent a further 15 sessions of extinction of the seeking-taking chained response 
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followed by a challenge session of cue-induced reinstatement of instrumental responding on 
both the seeking and taking levers. 
 
Figure 2: Compulsive alcohol seeking 
(A-B) Alcohol-preferring rats were trained on a seeking-taking chained task to work for 
alcohol, and then their seeking responses were punished by mild electric foot-shocks of 
increasing intensity, from 0.25, to 0.30, 0.35, 0.40 mA, before stabilizing at 0.45 mA for 6 
consecutive daily sessions. The arrow in each figure indicates the first session with a 0.45 
mA foot-shock. During training, some had been given further exposure to alcohol either by 
working for it (n=47) (Instrumental Exposure; A) or by being given free access to alcohol in 
the home-cage (n=14) (One-bottle Exposure; B). Based on the persistence of alcohol 
seeking during the last three punishment sessions, measured as the number of completed 
seeking-taking cycles, a cluster analysis enabled the segregation of three subgroups of rats 
regardless of their previous history of alcohol exposure during training (Instrumental 
Exposure vs One-bottle Exposure): non-compulsive (NC, n=18), Intermediate (I, n=22) and 
Compulsive (C, n=21) rats. C rats completed more seeking-taking cycles/session than I and 
NC rats. The identified proportions were similar regardless of their specific alcohol exposure 
history (compulsivity-subgroups in Instrumental Exposure group vs compulsivity-subgroups 
in One-bottle Exposure group, Pearson χ2= 1.94, ns).  
 (C) Ten months after the last exposure to punishment, the same rats were again 
exposed to the seeking-taking-shock task. Their compulsive alcohol seeking persisted and C 
rats continued to complete significantly more seeking-taking cycles/session than I and NC 
rats, as revealed by the comparison between the last three punishment sessions at each 
time point. 
 (D-E) The differential resistance to punishment was not attributable to a difference in 
shock sensitivity. Following Pavlovian fear conditioning, rats showed similar levels of 
conditioned freezing in response to a CS previously paired with the identical shock to that 
used in the compulsive alcohol seeking task, regardless of their compulsivity or alcohol 
exposure history. # p≤ .05; £ p< .01; * p< .001 comparison of C to NC rats. 
Figure 3: Compulsive alcohol-preferring rats have a higher motivation 
for alcohol and reinstate alcohol seeking more readily than alcohol 
taking responses 
(A-B) C rats (n=14) had a higher motivation for alcohol than I (n=17) or NC (n=16) rats 
under a progressive ratio schedule as shown by a higher breakpoint (BP), on the left, and 
higher number of gained reinforcement per session, on the right, measured either (i) after 
being trained under the seeking-taking-punishment task (white bars) or (ii) after being 
trained under baseline seeking-taking conditions (hatched bars), regardless of their 
previous history of shock condition. This difference was influenced by the alcohol exposure 
history (Instrumental Exposure (A) vs One-bottle Exposure (B)). 
(C-D) After 16 sessions of extinction in which only the taking lever was available and no 
alcohol was delivered, all rats eventually extinguished their taking responses (C). When 
presented with 20-s CSs contingent on taking lever responses (no alcohol was available at 
test), all rats reinstated their extinguished taking responses similarly over the 15-min period 
of the challenge, analysed in 5-min-time-blocks, in particular during the first 5-min-time-block 
of the session, prior to much extinction taking place within this test session. Rats (n=33) 
reinstated their responding on the taking lever regardless of the compulsive nature of their 
behavior (D) (C rats n=9; I rats n=13; NC rats n=11). * p< .001 differences from last day 
extinction responses. 
(E-H) After 15 sessions during which both seeking and taking levers were presented 
under extinction conditions (no alcohol was delivered), all rats progressively reduced their 
alcohol seeking responses although C rats (n=9) maintained higher response rates 
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compared to NC rats (n=11) (E). However, they did not differ in their extinction of responding 
on the taking lever (G). During the 15-min cue-induced reinstatement test, completion of the 
random interval (RI) 60 sec of seeking lever responses resulted in the availability of the 
taking lever, responding on which resulted in CS presentation, but not alcohol delivery. All 
rats displayed a marked increase in responding on both the seeking (F) and the taking levers 
(H), but only reinstatement of instrumental responding on the former was related to 
compulsivity. * p< .001 different from day 1; # p< .05; £ p< .01 comparison of C to NC rats. 
Figure 4: GSK1521498 reduced seeking behavior in compulsive more 
than non-compulsive alcohol-preferring rats. 
The selective µ-opiate receptor antagonist GSK1521498 (1 mg/kg, Intraperitoneal) 
reduced alcohol seeking in rats with a history of alcohol exposure under Instrumental (Blue 
bars) or One-bottle (Pink bars) exposure conditions during training and tested under a 15-
min extinction challenge immediately following (i) a seeking-taking-shock test session (‘Post 
shock’, plain bars) or (ii) a baseline seeking-taking test session (‘Post baseline’, hatched 
bars). The effect of GSK1521498 in reducing alcohol seeking was more pronounced in C 
(n=14) than NC (n=16) rats. The decrease in alcohol seeking following GSK1521498 
administration was also influenced by the state under which rats were tested (Post shock, 
plain bars vs Post baseline, hatched bars) as rats tested ‘Post baseline’ had higher level of 
lever presses than rats trained ‘Post shock’, and the history of alcohol exposure 
(Instrumental Exposure, blue bars vs One-bottle exposure, pink bars) as rats exposed to 
alcohol in their home-cage, after acquiring the seeking-taking task, had a general higher 
baseline compared to animals exposed to alcohol instrumentally during their operant 
training. Grey brackets show the main effects comparisons from C rats, whereas the dotted 
grey brackets show the main effect comparisons from I rats. Blue symbols indicate the 
comparison of GSK1521498-treated rats Instrumentally exposed to alcohol from their vehicle 
treated rats. Pink symbols indicate comparison of GSK1521498-treated rats One-bottle 
exposed to alcohol from their vehicle-treated rats. # p< .05; £ p< .01; * p< .001 comparison 
of GSK1521498 1mg/kg to vehicle treatment. 
 
 
 
 
Tables 
Table 1: Summary of correlations between compulsivity, motivation for 
alcohol, cue-induced reinstatement and GSK1521498 efficacy. 
 
 
 
 
 
Compulsivity (cycles) Motivation (Break point) Chain-Ext/Reinst-Seeking Chain-Ext/Reinst-Taking Taking-Ext/Reinst-Taking GSK efficacy
Compulsivity (cycles) S, R =  .374*    p = .016 S, R =  .370*    p = .017 S, R= .246        p = .084 S, R = -.270      p = .066 S, R= .440**     p = .006 
Motivation (Break point) S, R =  .374*    p = .016 S, R =  .250      p = .080 S, R = .296*     p = .047 S, R = -.019     p = .459 S, R= -.189     p = .150
Chain-Ext/Reinst-Seeking S, R =  .370*    p = .017 S, R =  .250     p = .080 S, R = .788**   p = .000 S, R = .071      p = .348 S, R=  .414*    p = .009
Chain-Ext/Reinst-Taking S, R = .246      p = .084 S, R =  .296*   p = .047 S, R = .788**   p = .000 S, R = .063      p = .363 S, R= .267     p = .070
Taking-Ext/Reinst-Taking S, R = -.270     p = .066 S, R = -.019     p = .459 S, R =  .071      p = .348 S, R = .063      p = .363 S, R= .026     p = .445
GSK efficacy S, R =  .440*   p = .006 S, R = -.189     p = .150 S, R = .414**   p = .009 S, R = .267     p = .070 S, R = -.026     p = .445
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